Estrogen exerts diverse biological effects in multiple tissues in both animals and humans. Much of the accumulated knowledge on the role of estrogen receptor (ER) in the heart has been obtained from studies using ovariectomized mice, whole body ER gene knock-out animal models, ex vivo heart studies, or from isolated cardiac myocytes. In light of the wide systemic influence of ER signaling in regulating a host of biological functions in multiple tissues, it is difficult to infer the direct role of ER on the heart. Therefore, we developed a mouse model with a cardiomyocyte-specific deletion of the ERa allele (cs-ERa 2/2 ). Male and female cs-ERa 2/2 mice with age/sex-matched wild type controls were examined for differences in cardiac structure and function by echocardiogram and differential gene expression microarray analysis. Our study revealed sex-differences in structural parameters in the hearts of cs-ERa 2/2 mice, with minimal functional differences. Analysis of microarray data revealed differential variations in the expression of 208 genes affecting multiple transcriptional networks. Furthermore, we report sex-specific differences in the expression of 56 genes. Overall, we developed a mouse model with cardiac-specific deletion of ERa to characterize the role of ERa in the heart independent of systemic effects. Our results suggest that ERa is involved in controlling the expression of diverse genes and networks in the cardiomyocyte in a sex-dependent manner.
Introduction
Estrogen receptors (ER) are involved in multiple biological processes in a variety of tissues including the cardiovascular system, adipose tissue, and sex organs [1] . Generally, the actions of ERs are triggered upon binding of estrogens such as 17-b estradiol (E2), the predominant active form of estrogen [2] . Upon ligand binding, ERs mediate their response by two possible modes of action: genomic, which elicits a slow response, and non-genomic, which induces a rapid response. Genomic activation of ERs initiate transcription factors either by direct DNA interaction through estrogen response elements (ERE) or through ER-DNA indirect interactions by tethering with known transcription factors bound to the DNA [3] . The non-genomic actions, on the other hand, are mostly membrane-initiated and involve signaling cascades, such as the mitogen-activated protein kinase (MAPK) pathway, the cyclic adenosine mono-phosphate/protein kinase A (cAMP/PKA) pathway, or the endothelial nitric oxide synthase (eNOS) pathway [4] [5] [6] .
ERs have been implicated in several pathophysiological conditions including diabetes and obesity with implications for cardiovascular disease [1, 7] . In the heart, cardiomyocytes express both sub-types of ER, ERa and ERb, with significantly higher levels of ERa [8] [9] [10] . Mice with whole-body deletion of ERa have been shown to exhibit altered cardiac substrate preference, particularly uptake and maintenance of glucose in the heart [11] . Indeed, whole-body ERa knockout mice are obese and insulin resistant [12] [13] [14] and exhibit diminished rates of fatty acid (FA) oxidation in skeletal muscle [13] . ERa is also thought to possess cardio-protective properties, due to its ability to upregulate expression of ApoE, an apolipoprotein that increases clearance of low density lipoproteins (LDL) from circulation [15, 16] . Similarly, ERb has been reported to mediate sexdifferences in ischemia/reperfusion injury [17, 18] as well as protect against left-ventricular hypertrophy (LVH) in females [19] . Interestingly, ERa and ERb have also been reported to differentially modulate the expression of inflammatory markers, in particular that of inducible nitric oxide synthase (iNOS) [20] . Nevertheless, to date, the studies describing the role of ERs on the cardiovascular system were based on whole-body ER knockouts or on the effects of ER ligands, such as estrogen, on the heart, but with the caveat that such ER ligands also affect peripheral tissues. In light of the wide influence of ER signaling in regulating physiologic functions in multiple tissues, including systemic energy homeostasis, and considering that peripheral substrates can induce cardio-metabolic remodeling, it is difficult to infer the direct role of ER on the heart using whole-body KO models.
As a first step in characterizing the role of ERs in the heart, independent of systemic effects of ERs, we have generated a mouse model with a cardiomyocyte-specific deletion of ERa (cs-ERa 2/ 2 . The availability of mice with cs-ERa 2/2 will enable, for the first time, to investigate the role of ERa in cardiac tissue independent of peripheral effects. In addition, since ERs are important therapeutic targets, development of in vivo models of selective modulation (such as cardiac specific deletion) will enable better understanding of ER effects in specific tissue [21, 22] . To that end, we characterized basal cardiac structure and function, and performed gene expression microarray profiling to determine differentially affected networks and pathways in male and female mice. Statistically validated results from the microarray analyses were used for pathway analysis, with emphasis on transcriptional factors and receptor networks (for deciphering genomic actions of ERa). Our findings indicate that cs-ERa 2/2 manifests significant variations in the expression profile of genes involved in metabolism, cell growth and differentiation, muscle architecture, and relaxation. Finally, we delineate sex differences associated with the absence of ERa in the heart and identify key transcriptional/ receptor hubs that are involved in ERa mediated regulation/ signaling in cardiac tissue.
Materials and Methods
All experiments were conducted according to a protocol approved by the animal experiment committee at Washington University School of Medicine in Saint Louis (IACUC Animal Welfare Assurance # A-3381-01) and in accordance to 'Principles of laboratory animal care' (NIH pub no. 85-23, revised 1985; http://grants1.nih.gov/grants/olaw/references/phspol.htm). Animals were housed in AAALAC-Accredited animal facility overseen by experienced veterinary personnel and animal care staff. Animals were euthanized via carbon dioxide inhalation, and all efforts were made to minimize suffering.
Generation of cardiomyocyte specific ERa knockout mice
Mice with cardiomyocyte-specific ERa deficiency were generated by crossing mice with Exon 3-floxed ERa alleles obtained from NIEHS [23] with mice expressing Cre recombinase in a cardiomyocyte specific manner (a-MHC-Cre). Mouse tail digest was used for genotyping. PCR screening was performed for Cre recombinase using the forward primer CGGTCAACGTG-CAAAACAGGCTCTA and reverse primer CTTCCAG-GGCGCGAGTTGA TAGC. The expression of ERa in cardiac tissue of the knockout mice were quantitatively measured by qRT-PCR using ERa Specific Primetime Assay primers (IDT DNA, Coralville, Iowa). The sequences of the forward and reverse primer used are ATGGTCATGGTAAGTGGCA and CCTCT-GCCATTGTCTAGCTT, respectively. Both male and female Knockout animals showed reduced expression of the ERa gene in the cardiac tissue as shown in Figure 1 .
Animal Studies
Wild type (ERa flox/flox ) and cardiomyocyte-specific ERa knockout (cs-ERa 2/2 ) male and female mice of C57BL/6 phenotype were bred and maintained at Washington University School of Medicine animal facility. Mice had free access to regular diet and water. At approximately 18-20 weeks of age, four mice from each group (total of 16 mice) were sacrificed after drawing blood for biochemical analysis, and their hearts were isolated and flash frozen for further analysis. Serum was separated by centrifugation from the collected blood samples for measurement of non-esterified fatty acids (NEFA), triglycerides (TG) and cholesterol concentrations. All experiments were performed in compliance with the guidelines for the care and use of research animals established by Animal Studies Committee of Washington University in St. Louis School of Medicine.
Biochemical analysis
Serum NEFA, TG, and cholesterol concentrations were determined by using commercial kits for NEFA (Wako Diagnostics, VA), TG (Infinity Triglycerides Reagent, Thermo Scientific, USA), and cholesterol (Infinity total cholesterol, Thermo Scientific, USA). These assays were performed by the Diabetes Research Center (DRC) at Washington University School of Medicine. Blood glucose concentrations were measured by using commercial blood test strips (Accu-Check, Roche, USA) by using a drop of tail blood.
Echocardiogram
Echocardiograms were performed using non-invasive ultrasound imaging with the Vevo2100 Ultrasound System (Visual Sonics Inc., Toronto, Ontario, Canada) at 18-20 weeks of age as Figure 1 . Extent of ERa knockout in the cardiac tissue: RNA from N = 3/group mice were isolated and expression analyzed using primetime assay primers from IDT DNA (Iowa). { represents genotype significance, Two-Way ANOVA and * indicates significant difference within sex (Contrast Analysis by Tumhane and Dunlop Method [37] ). P,0.05 was considered significant for both. doi:10.1371/journal.pone.0101900.g001 described previously [19] . Briefly, mice were anesthetized with Avertin (2% solution, 0.05 mg/g body weight, IP) and secured to the imaging platform. Complete 2-dimensional, M-mode, and Doppler examinations using a 30 MHz transducer were performed to quantify left ventricular structure as well as diastolic and systolic function. All dimensional measurements were indexed to body weight.
Microarray analysis
Total RNA was extracted from ,50 mg of pulverized cardiac tissues using Qiagen Universal RNA isolation kit (Qiagen, Frederick, MD) following the manufacturer's recommended protocol. On-column DNase removal was performed and total RNA concentration and purity were measured by absorbance ratio at 260 nm and 280 nm. Total RNA quality was then determined by Agilent 2100 bio analyzer (Agilent Technologies) according to the manufacturer's recommendations. All samples used in the study had a RNA integrity number (RIN) number of 7 or above. RNA amplification, hybridization, and detection were performed at the Genome Technology Access Center, Washington University in Saint Louis. RNA transcripts were amplified by T7 linear amplification (Message Amp Total Prep amplification kit; Life Technologies). For reverse transcription, 400 ng of total cellular RNA sample (11 ml) was mixed with an oligo-dT T7 primer (1 ml), reaction buffer (2 ml, 10x), dNTP mix (4 ml), RNase Inhibitor (1 ml), and Arrayscript RT enzyme (1 ml) and then incubated at 42uC for 2 h. After a three minute incubation on ice, the cDNA underwent second strand synthesis after addition of water (63 ml), 10x second strand buffer (10 ml), dNTP mix (4 ml), DNA polymerase (2 ml), and RNase H (1 ml). This cocktail was incubated at 16uC for two hours. Following a column cleanup using Zymo DNA Clean and Concentrator 5s (Zymo Research) according to the manufacturer's protocol, in vitro-transcription (IVT) was carried out by adding 10x T7 reaction buffer (2.5 ml), T7 biotin-NTP mix (2.5 ml), and T7 RNA polymerase enzyme mix (2.5 ml) and then incubated at 37uC. The IVT reaction was carried out for 14 hours. Following reaction termination with water (75 ml), the amplified RNAs (aRNA) were cleaned with RNA columns provided in the MessageAmp TotalPrep kit. The aRNAs were then quantitated on a spectrophotometer, and quality determined by the Agilent 2100 bio analyzer (Agilent Technologies) according to the manufacturer's recommendations. 750 mg of each aRNA in water (5 ml) was suspended in Illumina ''HYB'' buffer (10 ml), heated to 65uC for five minutes, and allowed to cool to room temperature. The samples were applied to Illumina Mouse Ref-8v2 Expression BeadChips and hybridized at 58uC for 16-20 hours at high humidity. Arrays were washed according to Illumina standard protocol. Immobilized, biotinylated aRNAs were then detected by staining with cy3 streptavidin (1 mg cy3-SA per 1 ml of Illumina ''Block E1'') for 10 minutes at room temperature. Arrays were washed and dried according to Illumina standard protocol. Arrays were scanned on an Illumina BeadArray Reader. Laser power and PMT voltage were kept constant for Cy3 scans. Images were quantitated by Illumina Beadscan, v3.
Statistics and data analysis
Structural parameters from ECHO were normalized to body weight prior to statistical analysis. Echo and substrate data were analyzed using a 2-Way ANOVA model (Sex, Genotype, Sex*Genotype). Microarray data were imported into Illumina Genome Studio software. On-array spot replicates were averaged by Genome Studio and individual spot probe was reported. The bead chip data were normalized using the cubic spline method in the Illumina Genome Studio software package and exported in log 2 metric. Raw and normalized data sets for all samples involved have been submitted to the National Center for Biotechnology Information Gene Expression Omnibus (GEO) repository under the accession number GSE55936.
A replicated (n = 4) 2 2 factorial design was used to investigate the patterns of differentially expressed genes between sexes, genotypes, and any interactions between these two factors (male and female mice of wild type and cs-ERa 2/2 genotypes). The 16 samples were divided between two Illumina Mouse Ref-8v2 Expression Bead Chips in a pattern sufficient to identify and correct for batch effects, if any, between chips. Probe sets were filtered from the data set if fewer than 3 replicates in any group had detection p-values greater than 0.05. The filtered data were imported into the statistical program Partek Genomics Suite v6.6 for analyses. Initially, a three-way ANOVA model with interaction (sex, genotype, batch and sex*genotype) was applied to identify possible batch effects and if necessary to adjust the data accordingly. The 3-way ANOVA model was reapplied to the batch adjusted data to determine statistical differences, and this analysis was followed by contrast comparisons using Fisher Least Squares difference to determine the statistical significance. Fold changes between groups were calculated as the antilog of the log ratio of the two groups of interest (i.e. KO/WT, female/male). It was expected that the statistical noise (frequency of false positives) would be greater at low fold changes. Therefore, to confirm the sensitivity of the analysis with respect to fold change, the analysis was repeated on 20 different random combinations of the 16 Bead Chips. The distribution of fold changes for probe sets with a pvalue ,0.05 from the real combinations are plotted in Figure 2A (between sex) and 2B (between genotype) along with the average number obtained from the 20 random combinations. This analysis indicates that, even for fold changes as low as +/21.1; the number of probe sets identified in the actual combination is higher than that expected by chance alone. The false discovery rate method of Benjamin and Hochberg was applied to the p-values from the ANOVA and contrast analysis. The number of statistically significant genes as a function of false discovery rate (FDR) level is shown in Figure 2C for both the genotype and sex differences. The purpose of this analysis was to determine a FDR level that would minimize the number of false positives at low fold change level and still provide a sufficient number of hits for downstream analysis. As seen in Figure 2C , an FDR of 0.05, the conventionally accepted level, identifies 208 genes with a genotype difference and 56 genes with sex differences. Although application of an FDR = 0.05 reduces the number of positive hits in the true comparison, the analysis totally eliminates false positive hits in the random combinations as depicted in Figure 2A & 2B.
Gene Ontology (GO) and Pathway Analyses
For exploratory analysis, Hierarchical clustering (HCL) of the significant genes was carried out using Partek genomics suite. HCL analysis was performed on intensity data derived from the ANOVA analysis yielding 254 and 74 probe sets that are differentially expressed between genotype and sex, respectively. The fold changes were subject to normalization, shifting genes to mean of zero and standard deviation of one prior to clustering. Clustering was performed with complete linkage where the distance between two clusters is equal to the distance between the two furthest members of those clusters. The results from clustering analysis are provided in the Figure S1 and S2.
Gene Ontology (GO) Analysis. The significant gene lists, both for genotype and sex variations, were analyzed using Metacore. Analysis of the significant probe sets revealed that there were 208 and 56 identifiable unique genes that were different between genotype and sex, respectively. The gene set thus identified at the FDR 0.05 level was used to identify GO pathways and processes. GO was primarily used to probe the cellular localization of genes, the processes in which they are involved, the metabolic networks, and their potential pathways.
Pathway Analysis. To investigate the biological functions of the differentially expressed genes, pathway analysis was conducted using MetaCore. Analysis was performed using the 208 genes that were different between the knockout and wild type mice and for the 56 genes that were different between sexes. The dataset containing gene identifiers and corresponding expression values were uploaded on to the web portal and the identifiers were mapped to its corresponding object in MetaCore's knowledgebase. Networks for the identified and mapped molecules were then algorithmically generated based on their connectivity. As our interests were primarily on the modulation of genomic actions by ERa, we conducted enrichment analysis for pathways and built network for transcription factors and receptors for the gene list. The transcription factor network analysis generates a list of transcription factors that have targets among the uploaded gene list, and the receptor network generates a list for which ligands are present in the uploaded data set. It then draws the shortest paths between these lists. The networks were generated and scored.
FDR threshold has been argued to be too restrictive in conducting pathway analysis [24] . Therefore, to gain a broader insight on altered pathways, we have relaxed FDR thresholding. We used the Compare Experiment Workflow module within MetaCore to compare variations in gene expression between male knockout mice to female knockout mice, normalized to their respective controls. The data identified the intersection network nodes on Metacore's various ontologies from the two sexes.
Results and Discussion
In this work, we report on the generation of mice with cardiomyocyte-specific deletion of ERa (cs-ERa 2/2 mice). In contrast to whole-body ERa knockout mice, which are obese [12] and exhibit significantly increased serum substrates (e.g., triglycerides, cholesterol, glucose) [13] , cs-ERa 2/2 mice were viable, overtly normal, and did not display significant variations in serum substrate concentrations nor weight ( Figure 3 ). This observation underscores the significance of using an animal model with cardiac specific knockout of ERa in place of whole-body ERa knockout to investigate the role of ERa in the heart since the latter can result in cardio-metabolic remodeling due to systemic effects of ERa.
To characterize the role of ERa in the heart at baseline, we assessed differences in cardiac structure and function as well as performed microarray gene expression profiling on cs-ERa 2/2 in comparison WT mice. Two-way ANOVA of echocardiographic measurements revealed that with the exception of the peak velocity of systolic mitral annular motion (S'), there were no significant genotypic variations in the remaining functional parameters. However, sex differences were observed in multiple structural parameters, such as, left ventricle posterior wall diameter, the left ventricle internal dimension, and the interventricular septum (Table 1) .
Microarray analysis was performed to characterize variations in gene expression pattern attributed ''genotype'' and ''sex''. ANOVA analysis of the microarray data with a FDR = 0.05 identified 208 genotype-specific genes and 56 sex-specific genes whose expression levels were significantly altered between csERa 2/2 and WT mice (Table 1 and 2). With the exception of 8 genes, there was no overlap between the panel of genotypic-and sex-specific genes. The sensitivity of our analysis was confirmed by randomization of the dataset as explained in the methods section and is shown in Figure 2 . To characterize these differences, GO analysis was carried out to identify gene-product differences in cellular localization, processes, and metabolic networks. The GO analysis suggested that gene-product differences linked to the genotype are distinct from those linked to the sex difference (Figure 4 and 5) . In addition, pathway enrichment analysis was performed to delineate the pathways in which ERa participates, either directly or indirectly.
Differentially expressed genes attributed to genotype
Fold changes in the expression of 208 genes that were significant for genotypic variations were imported into MetaCore for GO enrichment analysis. The top 10 (where applicable) networks and pathways from this analysis are shown in Figure 4 . Figure 4A shows that the absence of ERa largely affects expression of genes encoding membrane bound proteins and proteins localized in the intracellular lumen. The processes in which these gene products are involved range from regulation of reactive oxygen species (ROS), stress response, to metabolism of small molecules ( Figure 4B ). Our analyses indicated that expression of enzymes involved in metabolism of carbohydrates and their intermediates and acyl-L-carnitine pathway were affected by genotype ( Figure 4C ). The pathway enrichment analysis indicated that multiple Notch1-regulated signaling pathways are affected in csERa 2/2 mice ( Figure 4D ). The network of genes included those Genotype. This shows the number of significantly identified genes in the actual combination is higher than number of false positives expected, even at low fold change. Number of significant genes as a function of FDR value is shown, at every FDR level genotypic variation is larger than the (C) sex variation. When corrected for multiple comparison (FDR) no significant fold changes are identified in any of the random combination until FDR = 0.20. Significant genes were calculated using Partek Genomics Suite, using three way ANOVA model on filtered dataset for signal intensity and batch effect (13, Functional, Metabolic, and Network Analysis of cs-ERa 2/2 Mice that encode phosphofructokinase, amylase, aldose reductase, and aldolase (Table 2 and 3) . ERa has been shown to be indispensable for glucose uptake in mouse heart [11] . Whole body inactivation of ERa results in obesity, insulin resistance, and glucose intolerance [12, 13, 25] . Alteration in Glut4 expression due to variations in ERa has been implicated in insulin resistance and subsequent glucose intolerance in mice [26] . SP1 and NFkB are key modulators of Glut4, a prominent glucose transporter [25, 27] . In agreement with these data, the gene network from our results is largely regulated by three transcription factors; Sp1, Notch 1, and C-Myc ( Figure 6A ). Furthermore, we observed that NFkB, along with Sp1, is involved in regulation of the genes controlling insulin utilization that are differentially expressed between cs-ERa 2/2 and WT mice. Though estrogen activated expression and translocation of GLUT4 has been shown to be vital for glucose disposal, our microarray analysis failed to reveal any significant difference in Glut4 expression between knockout and wild type animals. However, we observe up regulation of Rab31, a member of the Ras oncogene family, which is known to modulate glucose homeostasis by alterations in GLUT4 partitioning between the cell membrane and intracellular vesicles ( Table 2 ). Similar observations were made in mouse hearts from whole body ERa KO where there was no significant changes in mRNA or protein levels of these transporters, but rather alterations in glucose transport due to variation in GLUT4 partitioning [28] .
In addition to alterations in carbohydrate metabolism, we observed that the deletion of ERa affects expression of genes involved in lipid metabolism (Table 2 ). GO analysis of differentially expressed genes in cs-ERa 2/2 mice reveals differences in expression of enzymes involved in acylcarnitine metabolism ( Figure 3C ). ERa-mediated regulation of lipogenic genes is well All dimensional measurements were indexed to body weight. FS, fractional shortening; E, peak velocity of early diastolic trans-mitral flow; A, peak velocity of late (atria) diastolic trans-mitral flow; S', peak velocity of systolic mitral annular motion; E', peak velocity of early diastolic mitral annular motion; A', peak velocity of late (atrial) diastolic mitral annular motion; IVCT, iso-volumic contraction time; ET, LV ejection time; IVRT, iso-volumic relaxation time; Functional, Metabolic, and Network Analysis of cs-ERa 2/2 Mice documented [29, 30] . For example, observed variations in desaturase enzyme mRNA expression (Table 2 ) and activity have been implicated in altering insulin sensitivity in whole body ERa knockout [31, 32] .
Core regulators of genes that vary by genotype
Because ERa is known to have significant regulatory roles in transcriptional modulation and receptor mediated signaling, network analysis was performed to identify differentially expressed networks between cs-ERa 2/2 and WT mice. Our analysis suggests that the transcription factors Stimulating protein 1 (SP1), Estrogen Receptor Alpha (ERa), and C-Myc are at the hub of transcriptional modulation connecting most of the significant differentially expressed genes ( Figure 6A ). More than seventy-five genes were differentially expressed among these three networks, with nearly one-third being down-regulated and two-thirds being up-regulated in cs-ERa 2/2 mice. In addition, thirteen genes coding for receptors and five genes coding for receptor ligands were differentially expressed in the cs-ERa 2/2 mice ( Figure 6B) . All of the genes coding for receptors were up-regulated in cs-ERa Functional, Metabolic, and Network Analysis of cs-ERa 2/2 Mice mice, with the exception of the genes coding for prolactin receptor and C-type lectin receptor Clec10a. The up-regulated genes include a G protein-coupled receptor (GPCR) type receptor; interleukin 13 receptor alpha 1 (Il13ra1); Notch 1 precursor; tolllike receptor 2 (Tlr2); and interleukin 28 receptor alpha (Il28ra), several of which have known roles in cardiac metabolism.
Differentially expressed genes attributed to sex
The GO analysis based on sex is distinct from that of genotype. The primary sites of localization for sex significant gene-products are in the extracellular space and matrix ( Figure 5A ). The list of processes shown in Figure 5B suggests that, NOS signaling and processes involved in smooth muscle relaxation are affected the most, primarily due to variations in expression levels of the genes Gucy1a3, Emilin2, and Lum ( Table 3 ). The metabolic network analysis indicates that the genes that are differentially expressed between male and female have roles in amino acid and steroid metabolism ( Figure 5C ). The genes that are significantly different include Bcat1, Eif2s3y, Fah, Inmt, and Haghl, which are all down regulated and Diras2, Lum, and Ovgp1, which are up-regulated (Table 3) . Finally, GO pathway enrichment analysis indicates that signaling pathways with a primary role in immune response, such as the JAK-STAT pathway, TICAM signaling, TLR signaling, Oncostatin signaling ( Figure 5D ), are primarily affected.
Core regulators of genes that vary by sex
Network analysis based on sex difference presents a smaller network of receptor genes compared to genotypic differences. Only one receptor coding gene, Ly96 (MD-2), is down-regulated in females. However, there are 4 receptor ligand encoding genes that are differentially expressed between female and male mice. In females, Pf4 (Cxcl4) and Ccl11 (Eotaxin) are down-regulated whereas Mdk (Midkine) and Ptn (Pleiotrophin) are up-regulated ( Figure 7A ). As observed in our analysis between genotypes (previous section), we find that Stat3, Stat5, Znf, Sp1 and Esr1 (ERa are at the core connecting a larger proportion of these differentially expressed genes ( Figure 7B ). Table 4 lists novel significant (FDR ,0.05) genes that are directly regulated by ERa. While additional studies are needed to characterize their role in regulating cardiac function and biology, in-depth analysis of the genes and their networks may provide understanding of the role of ERa in the heart. For example, we observe that WNT1 inducible signaling pathway protein 2 (Wisp2) is differentially expressed and is directly under regulation of ERa. While Wnt/b-catenin signaling, both canonical and non-canonical, has been implicated in cardiac function [33] [34] [35] , there has been no direct evidence for the cross talk between these two key pathways (ERa and Wnt/b-catenin). As mentioned earlier in methods section, to understand how Wnt Signaling may be affected by the absence of ERa, we relaxed the FDR thresholding and subjected the data to Compare Experiment Workflow in MetaCore. Our analysis suggests that there are sex differences in the Wnt/b-catenin signaling pathway. We observe that several key effectors of the WNT canonical signaling pathway such as frizzled receptor (Fzd), b-catenin, GSK-3b, Tcf, and Sfrp1 are differentially affected in male and female ERa 2/2 mice (i.e. both sex and genotype differences are observed) (Figure 8 A, B) . Similar effects of ERa regulation of Wnt, b-catenin signaling pathways have been reported in. the uterus by Hewitt et al [36] . Taken together, additional studies are needed to fully characterize the interplay and impact of ERa with Wnt/b-catenin signaling pathway, among others, in cardiac function. 
Novel candidates for ERa mediated regulation of cardiac function

Conclusion
In conclusion, cs-ERa 2/2 mice raised under normal diet in absence of external stress were viable and overtly normal. Our data suggests that ERa modulates numerous genes in the heart that are involved in transcriptional regulation, metabolic control, and oxidative stress in a sex-specific manner. This study has identified potential networks through which ERa may affect Figure 6 . Network analysis of genes significant for genotype: List of significant genes (root list) varying by genotype was uploaded on to GeneGo portal and network built. Transcription factor network (A) was drawn using analyze network function for transcription factors. In this analysis for every transcription factor with direct ligand (s) in the root list, the algorithm generates a sub-network consisting of all shortest paths from that transcription factor to the closest receptor with direct target (s) in the root list. Receptor networks (B) was drawn using build network for your data option. Except receptors and receptor ligands, others were hidden from this network in order to visualize the alteration in receptor networks. The figure shows the differentially expressed genes in the network (Blue for down-regulated and Red for up-regulated). doi:10.1371/journal.pone.0101900.g006
Functional, Metabolic, and Network Analysis of cs-ERa 2/2 Mice cardiac biology. Our study also identified novel genes that are potentially under direct regulation by ERa and whose role in the heart is yet unclear, and we have shown how their biological relevance can be identified through Wnt signaling. It is likely that alterations in the dietary pattern, aging, or induction of metabolic stress could reveal additional phenotypic and metabolic differences for which further studies could lead to a better understanding of cardiac biology and potentially, improved treatment in a sexdependent manner. Figure 7 . Network analysis of genes significant for sex: List of significant genes (root list) varying by sex was uploaded on to GeneGo tool and network was built. Receptor networks (A) was drawn using build network for your data option. Except receptors and receptor ligands, others were hidden from this network in order to visualize the alteration in receptor networks.. Transcription factor network (B) was drawn using analyze network function for transcription factors. In this analysis for every transcription factor with direct ligand (s) in the root list, the algorithm generates a sub-network consisting of all shortest paths from that transcription factor to the closest receptor with direct target (s) in the root list. The figure shows the differentially expressed genes in the network (Blue for down-regulated and Red for up-regulated). doi:10.1371/journal.pone.0101900.g007 Functional, Metabolic, and Network Analysis of cs-ERa
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Figure S1 Hierarchical Cluster analysis of genotype significant genes from cardiac mRNA microarray results. mRNA expression patterns were established for cardiac tissue from both male and female, ERa 2/2 and wild type mice. HCL analysis was performed on intensity data using partek genomic suites for the significant gene list. FDR (0.05) corrected genes with a p value of 0.05 or less were considered significant. (DOCX) Figure S2 Hierarchical Cluster analysis of sex significant genes from cardiac mRNA microarray results. mRNA expression patterns were established for cardiac tissue from both male and female, ERa 2/2 and wild type mice. HCL analysis was performed on intensity data using partek genomics suite for the significant gene list. FDR (0.05) corrected genes with a p value of 0.05 or less were considered significant. (DOCX) mice as identified through microarray profiling and subsequent network mapping using MetaCore. The network is filtered for cardiac tissue in mice and in a layout based on sub-cellular localization from top to bottom. The traced and bolded network components represent the modified genes and the genes that are connected to them highlighting the difference observed in cs-ERa 2/2 mice of both sex. doi:10.1371/journal.pone.0101900.g008
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